Two mature clones of Norway spruce (Picea abies (L.) Karst.) that have previously been shown to have differential degrees of resistance towards the necrotrophic pathogen Heterobasidion parviporum (Niemelä & Korhonen) were compared with respect to the primed defense expression of transcripts related to biosynthesis of lignin, stilbenes and other phenolic compounds from one year to the next. The host's response to physical wounding and pathogen inoculation was examined in the initial year, whereas indications of heightened basal defense level or primed response, and responses to re-wounding, were examined the following year. The responses of the two clones to wounding and pathogen inoculation, examined in the initial year, differed; the increases in lignin and phenolics were more distinct in response to the pathogen than to wounding alone. The more resistant clone 589 had higher initial lignin concentrations in the cell walls when compared with clone 409, and these remained higher in clone 589 over both years and increased after the treatments. Both clones responded at the transcriptional and chemical levels to wounding; changes were evident both in the initial wounds and when re-wounded the following year. There were distinct differences in the basal transcript levels of the lignin pathway-related genes, phenolics and total lignin levels in healthy tissue from the initial year to the following year indicative of a primed host response or at least altered constitutive level of defense expression.
Introduction
Plant defense to wounding, signaling molecules and necrotizing attackers can lead to induced responses in parts of the plant distal to the damage and lead to priming, making these tissues more responsive or resistant to a later challenge (Conrath et al. 2002) . Priming and systemic defense responses are present not only in herbaceous angiosperm plants but also in gymnosperms such as spruce and pine (Krokene et al. 1999 , Fossdal et al. 2001 , Hammerschmidt 2006 , Wang et al. 2006 , Eyles et al. 2010 , Arnerup et al. 2011 , Yaqoob et al. 2012 .
When the passive boundary of bark periderm and rhytidome on the outer surface of living trees is breached, constitutive and inducible defenses in the secondary phloem serve as the only protection to the vascular cambium and sapwood against pathogens ( Pearce 1996 , Franceschi et al. 2005 . Increased lignification and production of lignans induced upon wounding and infection protect plant tissues against invading pathogens. Lignin is composed of various different phenylpropanoids, predominantly monolignols, but also other types of phenylpropanoid compounds . There are 10 enzymes involved in the monolignol biosynthesis pathway: phenylalanine ammonia-lyase (PAL), cinnamate-4-hydroxylase (C4H), hydroxycinnamoyl CoA shikimate/quinate hydroxycinnamoyltransferase (HCT), p-coumarate-3-hydroxylase (C3H), ferulate-5-hydroxylase (F5H) (not involved in spruce), 4-coumarate CoA ligase (4CL), caffeoyl-CoA O-methyltransferase (CCoAOMT), caffeic acid O-methyltransferase (COMT) (although COMT is not involved in conifers such as spruce), cinnamoyl-CoA reductase (CCR) and cinnamyl alcohol dehydrogenase (CAD) (Baucher et al. 1998 , Ehlting et al. 2005 . In Arabidopsis, most gene products involved in lignin and phenylpropanoid biosynthesis are represented by 18 genes that fall into small gene families , Ehlting et al. 2005 . In spruce, it has been shown using cDNA-based microarrays that 8 of the 10 monolignol biosynthesis pathway enzymes are up-regulated by mechanical wounding and by insects feeding on shoots (Ralph et al. 2006a (Ralph et al. , 2006b ). Furthermore, increased lignin levels and altered transcription patterns of lignin-related genes have been found in Norway spruce (Picea abies (L.) Karst.) in response to wounding and inoculation (Koutaniemi et al. 2007) .
Species in the Heterobasidion annosum sensu lato (Fr.) Bref. complex are major root and butt rot pathogens of conifers, causing significant economic losses in the northern temperate forests. Within Europe, the annual losses attributed to the necrotrophic and saprophytic activity of H. annosum s.l. are more than €800 million (Woodward et al. 1998) . Terpene and phenol compositions in spruce bark are affected following wounding and attack by Heterobasidion spp. (Danielsson et al. 2011) . In Sitka spruce, expression of phenylpropanoid genes is up-regulated in the bark as a response to Heterobasidion annosum sensu stricto and wounding (Deflorio et al. 2011) . Suberized bark tissues form a robust barrier to penetration by Heterobasidion (Lindberg and Johansson 1991, Solla et al. 2002) , but wounds caused by biotic and abiotic factors, as well as logging activities, expose the trees to spore infection by this pathogen.
Clonal variation in disease resistance to Heterobasidion is reported for several conifer species (Delatour et al. 1998 , Swedjemark et al. 1998 ). Quantitative multiplex real-time polymerase chain reaction (PCR) demonstrated varying colonization of spruce tissues by the three members of the H. annosum s.l. species complex present naturally in Europe, namely Heterobasidion parviporum (Niemelä & Korhonen), Heterobasidion abietium (Niemelä & Korhonen) and H. annosum s.s., directly related to the level of tree resistance (Hietala et al. 2003 , Bodles et al. 2006 . Based on transcript and enzyme expression of chitinases, peroxidases and chalcone synthase, it was suggested that differences in resistance between Norway spruce clones were directly due to the rate of defense-related systemic signal transduction (Hietala et al. 2004 , Nagy et al. 2004 . The time from wounding and infection to the activation of defense-related expression systemically is shorter in Norway spruce trees with high resistance compared with more susceptible genotypes.
The protective defenses of Norway spruce bark are associated with increased lignification and phenolic compounds (Franceschi et al. 2005) . Phenolics are considered to be an important part of the constitutive and inducible defense to pathogenic fungi and bark beetles in Norway spruce. Induced responses in phenolic metabolism in the bark beetle-associated necrotizing fungus Ceratocystis polonica (Siemaszko) C. Moreau have been observed, and the use of phenolics as a predictor of Norway spruce resistance to this pathogen has been suggested (Brignolas et al. 1995 (Brignolas et al. , 1998 .
Indications of priming or acquired resistance to second challenge 1 year after an initial inoculation with C. polonica and wounding, based on survival and lesion length measurements in Norway spruce, have been reported previously (Krokene et al. 1999) . It has also been suggested that increased cell wall lignification and changes in phenolics and resistance to pathogenic fungi in mature spruce trees are closely linked (Brignolas et al. 1998 , Nagy et al. 2000 , Nagy et al. 2004 , Koutaniemi et al. 2007 , Danielsson et al. 2011 , Deflorio et al. 2011 . However, it is not known whether priming in terms of earlier inoculations or wounding results in altered transcriptional, lignin or phenolic changes in healthy and re-challenged tissue in Norway spruce.
Molecular defense responses, such as increased production of pathogenesis-related (PR) proteins, occur at and around the site of attack by necrotizing pathogens and wounding in Norway spruce (Fossdal et al. 2001 , 2006 , Arnerup et al. 2011 , Yaqoob et al. 2012 . The PR proteins PaChi4 and PaChi2 were found to be at higher basal expression levels in healthy bark of the more resistant Norway spruce clone 589 compared with the less resistant clone 409, which was significantly more colonized by the pathogen H. parviporum (Hietala et al. 2004 ). However, it was later noted that levels of these two PR proteins were at a higher basal transcript level in healthy tissue reexamined 12 months after the initial treatments and that all of the inoculated trees of both clones 589 and 409 recovered from both inoculations and wounding.
Based on these results, which suggest a heightened or primed defense response in mature Norway spruce trees, we decided to examine whether host defenses were heightened or primed in healthy and re-wounded tissue 1 year after the initial treatments. The transcript levels in the monolignol biosynthesis pathway, the concentrations of phenolic compounds and levels of lignification in healthy and treated tissues in the year in which the first wounding and inoculation was done were compared with those in healthy and re-wounded tissue of treated trees the following year.
Materials and methods

Experimental design
Two 32-year-old ramets of Norway spruce were employed for each clone; the four trees used were located next to each other, thus minimizing variations in microclimatic and edaphic conditions. The experiments were carried out at the Hogstmark Research Station, Ås, Norway in 2002 and 2003; these same trees are still alive and appear healthy in 2012. The clones were produced from seeds sown in 1951 and transplanted in 1955. Rooted cuttings from the transplants were planted in a 2 m × 2 m array in 1970. The resistant clone 589 and the less resistant clone 409 (Hietala et al. 2003) were used in the present work. The two 33-year-old ramets of each clone were wounded and stem-inoculated in a ring-like manner 1.3 m above ground level with H. parviporum strain 87-257/1 (formerly known as H. annosum S intersterility group) in 2002 and re-wounded in 2003, as described previously (Hietala et al. 2003) . A rectangular strip (10 mm × 5 mm) of healthy (control) bark containing phloem and cambium was collected at the start (0) To ensure identical sampling conditions each year, the healthy control samples were collected at 11-11.30 a.m. mid-July in both years at the time of wounding and re-wounding, and the treated samples were collected at the corresponding later dates at the same time of day in both years.
Sample preparation for real-time PCR and chemical analysis
From each rectangular strip (10 mm × 5 mm) of bark collected from each ramet, the 2 mm most proximal and the more distal section 12 mm away from the inoculation or wound site were sampled at each time point. The rhytidome and periderm were removed before sampling. The two sections from the same sample were processed individually. The net weight of each section ranged from 100 to 200 mg fresh weight (FW). The real-time reverse transcriptase PCR (qRT-PCR) and chemical data obtained for each of the two sections (pseudo-replicates) were then combined into one mean value for each ramet separately before proceeding to data analysis. Two ramets per clone were used, giving two biological replicates per data point (n = 2).
RNA isolation and cDNA synthesis
For each section at each time point, healthy (control) samples plus treated (inoculated or wounded) bark samples from each ramet were processed for RNA isolation, followed by reverse transcription of mRNA to cDNA as previously described by Hietala et al. (2004) . Prior to RNA extraction, the rhytidome and periderm were removed using a razor blade and the tissue was subdivided into sections (~10 mm × 5 mm × 3 mm) that were processed separately. Sections were ground twice in liquid N 2 -chilled containers for 2 min each time using an MM 300 mill (Retsch GmbH, Haan, Germany). RNA was isolated using an RNAqueous total RNA isolation kit and Plant RNA Isolation Aid (Ambion, Austin, TX, USA) following the manufacturer's instructions. Contaminating DNA was removed using DNA-Free (Ambion). Total RNA was quantified with a RiboGreen RNA quantification kit (Molecular Probes, Eugene, OR, USA) according to the manufacturer's instructions. Total RNA was normalized between samples: 100 ng of total RNA was reverse transcribed with TaqMan reverse transcription reagents (Applied Biosystems, Foster City, CA, USA) following the manufacturer's instructions, with 1.25 U of reverse transcriptase (RT) per sample and 2.5 µM poly dT primers in a 50 µl reaction volume.
Real-time reverse transcriptase PCR conditions, specificity of primers and amplification efficiency of transcripts
For each section, 25-µl qRT-PCR was performed in SYBR Green PCR Mastermix (P/N 4309155; Applied Biosystems). A primer concentration of 50 nM was selected for all genes assayed. As a template, 2 µl of the cDNA solution described above was used for each reaction. Each reaction was repeated twice. Polymerase chain reaction cycling parameters were 95 °C for 10 min, followed by 40 cycles of 95 °C for 15 s and 60 °C for 1 min. Fluorescence emissions were detected with an ABI Prism 7500 (Applied Biosystems). Data acquisition and analysis were performed with the Sequence Detection System software package (Applied Biosystems). The target genes, and sequences of the corresponding specific oligonucleotides, are presented in Table 1 . The target specificity of each primer set was examined by melting point analysis. Only primer pairs that gave a single melting peak were used in this study. The melting point analysis was performed following the qRT-PCR program described above using the thermal profile of 95 °C for 15 s and 60 °C for 20 s, followed by a melting step in which the temperature was raised linearly from 60 to 95 °C in a ramping time of 19 min 59 s. All monolignol transcript values (−dCt monolignol transcript ) were relative quantities calculated using the reference α-Tubulin as endogenous control employing the ddCT method. Values were calculated by taking the number of critical threshold cycles (dCt) for α-Tubulin minus the dCt value of the monolignol transcript of interest [−dCt = Ct α-Tubulin -Ct monolignol transcript ]. To ensure that α-Tubulin was a stable reference, we compared the stability of α-Tubulin expression levels in control and wounded samples against actin (PaAct) and the translation initiation factor (PaTif), and found that using α-Tubulin alone as the endogenous reference for qRT-PCR was equally important as using the combination 
Analysis of free and bound phenolics
For the analysis of free and bound phenolics in each section, samples were homogenized using a mortar and pestle in ~0.5 g quartz sand. Soluble phenolics were extracted in 2 ml of 80% MeOH under constant stirring (magnetic bar) at ambient temperature for 2 h. The extract was filtered through a 13 mm syringe filter (nylon 0.45 µm, VWR International, Radnor, PA, USA), and analyzed by high-performance liquid chromatography (HPLC). The residue was hydrolyzed in 1.9 ml of 1 M NaOH at room temperature for 3 h under constant stirring, and stored at 5 °C for 72 h. Concentrated H 3 PO 4 (150 µl) was added, and the sample was filtered through a 0.45-µm syringe filter as described above. A liquid chromatograph (Agilent 1100 system, Agilent Technologies, Santa Clara, CA, USA) supplied with an auto-sampler and a photodiode array detector was used to analyze individual phenolics. Compounds were separated on an Eclipse XDB-C8 (4.6 mm × 150 mm, 5 µm) column (Agilent Technologies) with a binary gradient comprising (A) 0.05% trifluoroacetic acid (TFA) in water and (B) 0.05% TFA in acetonitrile. The gradient (percent B in A) was linear from 5 to 10% over 5 min, from 10 to 25% for the next 5 min, from 25 to 85% for 6 min and from 85 to 5% over 2 min, and finally the column was re-conditioned in 5% B for 2 min. The flow rate was 0.8 ml min −1 ; 10 µl samples were injected into the column, and separation took place at 30 °C. The content of individual phenolics was calculated as peak area divided by sample mass (mAU s mg −1 FW). All compounds were detected at 320 ± 8 nm except for taxifolin and the other dihydroflavonols catechin and coniferin, which were detected at 280 ± 8 nm.
Astringin, isorhapontin and piceid were identified by cochromatography with authentic samples (Slimestad and Hostettmann 1996) . Piceatannol, resveratrol and isorhapontigenin were obtained through acid hydrolysis of authentic astringin, piceid and isorhapontin, respectively: ~5 mg of stilbene was dissolved in 1 ml of 50% methanol, mixed with 1 ml of 2 M HCl and incubated at 90 °C for 30 min. Liberated aglycones were analyzed by HPLC. In addition, taxifolin and coniferin were identified by co-chromatography with authentic compounds (Carl Roth, Karlsruhe, Germany).
Lignothioglycolic acid assay
Lignin content in the extractive-free sample in each section was determined according to the protocols described by Whitmore (1976) and Booker et al. (1996) , with minor modifications. Briefly, after extraction of free and bound phenolics, the sample was washed twice in 2 ml MeOH-CH 2 Cl 2 -H 2 O (2 : 1 : 0.8 v/v), twice in 2 ml HOAc-H 2 O (1 : 1 v/v), once in 2 ml EtOAc and finally three times in 2 ml (CH 3 ) 2 CO. For each step in the washing procedure, the sample was vortexed for 1 min before centrifuging. All supernatants were discarded. The pellet was suspended in 900 µl 2 M HCl and 100 µl thioglycolic acid (Sigma Aldrich) in a screw-cap sample tube, capped and heated at 100 °C on a heat block for 4 h. After cooling, the sample was centrifuged and the residue was washed twice in 1 ml water, re-suspended in 1 ml 1 M NaOH and maintained for 24 h at ambient temperature. After centrifugation the pellet was washed in 1 ml water. Supernatants (5 ml) were then mixed with 100 µl conc. HCl and incubated at 4 °C for 3 h. The resulting precipitate (lignothioglycolic acid, LTGA) was collected by centrifugation, the supernatant was discarded and the pellet was washed in water. After a further centrifugation the pellet was dissolved in 1 ml 1 M NaOH and diluted 1 : 80 with 0.1 M NaOH and the absorbance of the solution was measured at 280 nm (Agilent 8453 spectrophotometer, Agilent Technologies). Aliquots of undiluted solutions were mixed with conc. HCl, and the precipitates were freeze-dried and used to construct a standard curve (E 1% = 131 at 280 nm). Results were expressed as mg LTGA g −1 FW. 
Statistical analysis
The experiment was conducted on two clones with two ramets (trees) of each clone. These two trees within each clone were treated as described above in 2002 and again in 2003. Thus, the putative effect of priming is confounded with the effect of year. The analysis of the data was therefore done in two steps with different models for each step. First, data from the control samples were analyzed in a model considering the year and clone as fixed factors and ramet within clone as a random factor. The different sections sampled (within a rectangular strip) collected from each tree at various sampling times were regarded as pseudo-replicates. A second model was run where the effects of the treatments inoculation and wounding were included as well as the distance from the point of inoculation or wounding, which was regarded as a fixed effect.
Ramet within clone and all interactions with it were considered random factors. The various models were fitted with the Mixed procedure in SAS (SAS Institute Inc., Cary, NC, USA), and appropriate error terms and degrees of freedom were computed using the Satterthwaite option in the model statement.
Since the samples were obtained from the same trees in 2002 and 2003, the effect of year was really the confounded effect of treatments in the 2 years and the random effect of year-toyear variability. Year-to-year variability is likely to be mostly related to weather conditions. The data for temperature and precipitation for both years obtained from The Norwegian Meteorological Institute were strikingly similar with no indications of drought, demonstrating that climatic conditions were very similar in the 2 years (see Figure S5 available as Supplementary Data at Tree Physiology Online).
Results
Constitutive transcript levels in healthy and re-wounded bark in 2002 and 2003
In 2002, basal levels of eight putative monolignol biosynthesis pathway-related transcripts estimated as critical PCR cycles (−dCt) were higher in the resistant clone 589 for the transcripts CH3 (P < 0.001), CAD (P = 0.09) and CCR (P < 0.001) compared with the susceptible clone 409 (Figure 1a) . Transcripts for C4H4 (P < 0.001), COMT (P = 0.36), CCoAOMT (P = 0.09), F5H (P = 0.5) and 4CL (P = 0.06) were present constitutively at a higher basal level in the susceptible clone 409 (Figure 1a and b).
The following year, 2003, 12 months after the original wounding and inoculation (of the same ramets of 589 and 409), the levels of most of these transcripts in healthy tissue of treated trees had increased and were, by that time, at similar levels in the two clones, suggesting a priming or lasting change affecting the constitutive expression of these defense-related genes (Figure 1a and b) . Similarly, transcript level maxima due to re-wounding were larger in 2003 compared with those in 2002.
Transcript levels in pathogen-inoculated and wounded tissue in 2002
Generally, both fungal inoculation (Hp) and wounding (W) caused significant changes in transcription of the amplified monolignol biosynthesis pathway-related transcripts (see Figure S1a and b available as Supplementary Data at Tree Physiology Online). The relative increases in transcript levels in response to the pathogen at days 3 and 14 were greater than in response to wounding at day 14, with the exception of CAD, CCoAOMT and F5H that increased more due to wounding alone.
Free methanol-extractable phenolics in pathogeninoculated and wounded tissue in 2002
Most of the compounds detected were affected by the treatments in both clones and the response to the pathogen differed from that following wounding alone in 2002 (see Figure S2a available as Supplementary Data at Tree Physiology Online). The increase in response to the pathogen was above that of wounding and in healthy controls, and was distinct for astringin, piceid and isorhapontin, whereas the two tetrahydroxy-stilbenoids showed this trend only at day 3 post pathogen inoculation. Taxifolin (prevalent only in clone 589) was largely unaffected by wounding and pathogen inoculation, whereas there were indications of a reduction in the quantities of the two tetrahydroxy-stilbenoids after wounding alone.
Cell wall-bound phenolics in pathogen-inoculated and wounded tissue in 2002
Most of the cell wall-bound phenolics detected were affected by the treatments in both clones. The response to the pathogen differed from that of wounding alone in 2002 (see Figure S2b available as Supplementary Data at Tree Physiology Online). The increase in response to the pathogen was above that in the wounding-alone treatment and, compared with the healthy controls, was distinct for catechin, coniferin and isorhapontin. The dihydroflavonol (prevalent only in clone 589) was unaffected by wounding but decreased in response to the pathogen.
Lignin contents in pathogen-inoculated and wounded tissue in 2002
In inoculated plants, lignin content increased in both clones (P < 0.003) in 2002 (see Figure S3 available as Supplementary Data at Tree Physiology Online). There was also an increase in plants that were only wounded, but the lignin content reached higher levels after inoculation than after wounding alone in both clones. 
Priming: free methanol-extractable phenolics in healthy and re-wounded tissue in 2002 and 2003
The three stilbenoid glucosides astringin, piceid and isorhapontin, the dihydroflavonol taxifolin and the two compounds with chromatographic and spectral behavior similar to astringin and isorhapontin (tetrahydro stilbenoids) were detected in all samples and thus chosen as markers. The total quantity of phenolic compounds was higher in the control samples of clone 409 in 2002, with a total peak area of 359 mAU s mg −1 FW, compared with 296 mAU s mg −1 in clone 589. The three stilbenoid glucosides, together with another tetrahydroxystilbenoid, were responsible for the differences between the clones; quantities of stilbenoid aglycones were similar in the two clones in 2002 (data not shown). Clone 409 contained minor quantities of taxifolin compared with clone 589.
Quantities of free methanol-extractable phenolics in healthy tissue were in general higher in 2003 compared with those in healthy tissue in 2002 for both clones (Figure 2a) . The levels attained after re-wounding were also in general higher in 2003 than in 2002, indicative of a heightened or primed defense response in the second year. Only taxifolin (prevalent only in clone 589) showed no increase from 2002 to 2003 in healthy tissues. In contrast, the tetrahydroxy-stilbenoids showed consistent down-regulation after wounding in both years.
Priming: cell wall-bound phenolics in healthy and re-wounded tissue in 2002 and 2003
Six compounds were separated by HPLC from the alkaline bark extracts. The compounds were tentatively identified as catechin, coniferin (coniferyl alcohol 4-O-glucoside), a tetrahydroxystilbenoid, a dihydroflavonol (not taxifolin), piceid and isorhapontin. Total quantities of alkaline extractable phenolics were similar in clones 409 and 589, with 27 and 24 mAU s mg −1 , respectively, in 2002 (Figure 2b 
Priming: lignin contents in healthy and re-wounded tissue in 2002 and 2003
In healthy (control) bark, the concentrations of lignin, measured using the LTGA assay, were higher in clone 589 than in clone 409, with 4.9 and 2.4 mg g −1 FW, respectively (Figure 3 ; P = 0.05). The lignin content in healthy and wounded bark tended to increase from 2002 to 2003 in both clones, indicative of a primed or heightened response. The lignin content of clone 589 was consistently higher, but in 409 reached levels close to that of 589 after re-wounding.
Discussion
The transcriptional changes observed in this work on Norway spruce indicate that both clones show primed or heightened levels of lignin, phenolics and lignin pathway-related transcripts in healthy tissue 12 months after the initial treatments. The large increases in cell wall-bound phenolics correlated with the deposition of lignin. Lignification and cell wall reinforcement as a defense response in spruce (against pathogen attack) are well known (Woodward 1992 , Pearce 1996 , but the level of up-regulation and the duration of the effect found in this study were entirely novel. These results also suggest that both the more resistant clone 589 and the less resistant clone 409 have efficient defense signaling pathways affecting the level of lignin-, phenolic-and monolignol-related transcripts. The resistant clone 589 had higher quantities of lignin before treatment, compared with the susceptible clone 409, and moreover, it was able to more effectively reinforce the cell walls of the bark tissues with further lignin deposition following treatments.
Heightened constitutive or primed host response 1143 Disease resistance in Norway spruce bark may be nonspecific (Krokene et al. 1999 , Arnerup et al. 2011 , as similar molecular defense responses regarding PR proteins and other gene products are seen following both wounding and inoculation in Norway spruce (Hietala et al. 2004 , Nagy et al. 2004 , Koutaniemi et al. 2007 , Arnerup et al. 2011 , Danielsson et al. 2011 ) and in the closely related Sitka spruce (Deflorio et al. 2011) . Our results largely support the hypothesis that the defense response to wounding and the consequent cell death following ingress of necrotrophic pathogens is similar and thus non-specific (Krokene et al. 1999 , Arnerup et al. 2011 , Yaqoob et al. 2012 , but the response to the pathogen H. parviporum in these mature spruce clones was greater than that to wounding alone in previously untreated trees. However, further studies on a larger number of tree clones are needed to establish whether the response to pathogen and wounding differs significantly in (i.e., chemical or inoculated) primed trees.
Priming: altered constitutive transcription levels
Constitutive levels of most transcripts examined here differed in healthy tissue of treated trees in 2003 compared with levels in 2002, suggesting a primed or at least heightened basal defense state due to inoculation and wounding. This finding is in line with the observation that the PR protein PaChi4, often used as a marker for effectively induced host defense responses (Hietala et al. 2004 , Deflorio et al. 2011 , Yaqoob et al. 2012 , is more highly expressed in healthy tissue of trees that have recovered from inoculations and wounding 12 months earlier.
Apart from the proposed priming effect, constitutive values for CAD expression were the lowest among the monolignolrelated transcripts measured, followed by C3H and CCR; constitutive levels of the other transcripts were higher in healthy tissue from the two Norway spruce clones. It is therefore possible that the expression of CAD, C3H and CCR could be rate limiting in providing substrates for lignification in the bark of Norway spruce. The potential importance of the higher constitutive transcript levels of these three gene products (CCR and CAD being the last steps in the lignin pathway, supplying the monomers for lignification) in lignification is supported by their correlation with greater constitutive quantities of lignin in clone 589 as compared with clone 409. However, previous work, including transcriptional profiling of the genes involved in monolignol biosynthesis, suggests that it is C4H and C3H that are the likely rate-limiting steps in the pathway . Cinnamyl alcohol dehydrogenase is regarded as a key enzyme in lignin biosynthesis (Baucher et al. 1998 ) and has been subjected to a large number of investigations in which CAD mutants and CAD down-regulated transformants were used to determine the role of CAD in lignification , Kim et al. 2007 ). Monolignols can have various metabolic fates, including as precursors for synthesis into both lignans and lignins. has suggested, based on metabolic and transcriptional profiling data, that CAD is neither a regulatory nor a key enzyme, in terms of carbon allocation to the lignin biosynthesis pathway. A further complication in monitoring CAD expression is that a large number of CAD paralogs are present within the genomes of plants , Kim et al. 2007 .
The transcript labeled here as F5H-like probably does not have a direct role in lignification in conifers; F5H was not present on the recently developed Sitka spruce cDNA-based microarray (Ralph et al. 2006b ). It is uncertain whether the F5H-like transcript found here is a true ortholog of F5H genes in angiosperms or represents another cytochrome P450-dependent monooxygenase.
Transcriptional changes due to inoculation and wounding in 2002
The initial step for the flux into the monolignol pathway, PAL, is up-regulated in Norway spruce after wounding and fungal inoculation (Nagy et al. 2000 , Koutaniemi et al. 2007 ) and in response to wounding and herbivory in Sitka spruce (Ralph et al. 2006b ). In the present work, the general trend in both the resistant and susceptible clones was a clear and rapid change in monolignol-related transcripts after both wounding and inoculation. The transcript data suggested a differential transcriptional response to wounding than in response to H. parviporum inoculation; CAD and F5H were maximally induced by wounding and not by inoculation.
The major effect observed here, however, was that the defense response related to monolignol synthesis was efficient and early in both the resistant and susceptible clones.
Priming: transcriptional changes due to re-wounding in the second year
Prior exposure to pathogens or other stresses that heightens or increases sensitivity and response rate of the host defense induction upon a later challenge to the same or similar stress are hallmarks of primed reactions (Conrath et al. 2002 , Hammerschmidt 2006 . The transcriptional responses to re-wounding in 2003 tended to follow a similar but not identical pattern to those observed on the same trees in 2002. For C3H, CCR, COMT, CCoAOMT and 4CL the levels tended to reach maximum values after the re-wounding in 2003, whereas the opposite trend occurred with F5H and CAD. The fact that we see both indications of a heightened basal level of transcription of these genes and differential expression beyond that observed in the initial year is largely consistent with a priming effect.
Constitutive and inducible lignin concentrations in 2002
Clone 589 has a higher basal level of lignin, suggesting that cell walls in the bark of this more resistant genotype were better fortified at a constitutive level, compared with the susceptible clone 409. Estimation of total lignin content using the LTGA assay correlated well with levels and changes in the expression of the associated gene transcripts involved in the monolignol biosynthesis pathway. Lignin, phenolics and transcript levels in general increased in response to the treatments. Despite the increase in transcription of enzymes related to the monolignol pathway and the increase in the LTGA-determined lignin concentrations in clone 409 due to wounding, the amounts of lignin in the susceptible clone did not increase above constitutive levels in the resistant clone 589 due to wounding alone. The increase due to H. parviporum inoculation was also higher in clone 589. These results strongly suggest that the resistant clone 589 had greater amounts of constitutive lignin and a more efficient defense-related lignification than clone 409 in 2002.
Priming: constitutive and wound-inducible lignin concentrations in 2002 and 2003
The levels of lignin in healthy tissue appeared higher in 2003 than in 2002 for both clones, but this increase was distinct only in the more resistant clone 589. Lignin content tended to increase in both clones after wounding in both years, but reached maxima in 2003 and, in these terms, the increase in 2003 beyond that found in response to wounding in 2002 was most clear for clone 409. Based on earlier studies of the resistant clone 589 and the more susceptible clone 409, it was proposed that the induced phenolic response in Norway spruce bark phloem comprised an activation of the 'phenolic pathway,' finally leading to the production of tannins and insoluble phenolic polymers (Brignolas et al. 1995) . Resistance reactions to C. polonica infection in the bark of Norway spruce, moreover, may depend on the ability of the tree to activate the flavonoid pathway (Brignolas et al. 1995) . The higher constitutive levels of lignin found in the more resistant clone, as well as the induced lignification following wounding and inoculation, suggest that defense processes other than the flavonoid pathway, for instance those related to lignification, may be of equal or greater importance in explaining the level of resistance to Heterobasidion in these Norway spruce clones.
Methanol-extractable and -hydrolyzable cell wall-bound phenolics
The enzymes PAL, C4H and 4Cl supply substrates leading to the production of flavonoids and stilbenoids, as well as for lignification; thus flux through the phenylpropanoid pathway is very plastic . Given that metabolites of this common pathway act as intermediates in the biosynthesis of diverse secondary products, altering the expression of the enzymes could impact on many different events in the plant. Correlating the concentrations of methanol-extractable and cell wall-bound phenolics with the transcripts is not straightforward. For the verification of the relationship between a secondary metabolite and a specific enzyme, isolation or heterologous production of the enzymes followed by tests of both substrate specificity and the resulting enzymatic products is required. Despite these limitations, it is appropriate to speculate on the role of selected identified metabolites. Of the 10 free phenolic compounds detected in the methanol extracts, 6 were assigned to be the E-isomeric stilbenoids astringin, piceid, isorhapontin, piceatannol, resveratrol and isorhapontigenin. In addition, taxifolin (a dihydroflavonol) and three tetrahydroxy-stilbenoids were detected. Of the transcripts followed in this work, only the C4H and 4CL enzymes can, with any reasonable certainty, be related to providing substrates for any of these stilbenoids, together with taxifolin.
From the chromatograms of the cell wall-bound phenolics, six common compounds were used for quantitative purposes: catechin, coniferin, a dihydroflavonol, isorhapontin, a tetrahydroxy-stilbenoid and piceid. Coniferin is a strong candidate for the storage form of monolignol (Tsuji et al. 2005) . The fact that only the glycosylated form of coniferyl alcohol or its oxidative products was present suggests that the aglycone Heightened constitutive or primed host response 1145 Downloaded from https://academic.oup.com/treephys/article-abstract/32/9/1137/1652668 by guest on 24 November 2018 is rapidly oxidized and polymerized into the cell wall. Taxifolin and one unidentified dihydroflavonoid were present in clone 589, but the concentrations were close to the detection limit or absent in 409. These findings agree with the results of a previous study on trees from the same two clones by Brignolas et al. (1995) , which showed high initial concentrations of taxifolin glycoside in the resistant clone 589 only (and low concentrations of stilbenoid glycosides). However, no dihydroflavonoid other than taxifolin was previously reported from bark extracts of P. abies, and the structure of the unknown dihydroflavonoid should be resolved as part of a future investigation.
Based on the analysis of a large collection of Norway spruce clones with different levels of resistance to pests and pathogens, a low concentration of isorhapontin in unwounded phloem and a high concentration of catechin in wounded tissue were proposed as phenolic markers for resistance to bark beetles and C. polonica (Brignolas et al. 1998) . While in the present work, the isorhapontin concentrations were relatively high in 409 and stably low in the resistant clone, catechin increased 1 day after wounding (note that this is a treatment analogous to beetle attack) to a higher level in the susceptible clone than in the resistant clone. Whereas the work of Brignolas et al. (1998) showed no differences in glycoside (piceid, astringin, isorhapontin and taxifolin glycoside) or catechin contents between sterile-and fungus-inoculated phloem, in the present work both wounding and pathogen inoculation affected the content of these compounds. Furthermore, there were considerable variations in concentrations found between 3 and 14 days after treatment, and in terms of distance from the treatment points (data not shown). Our study shows, therefore, how difficult it is to find single phenolic markers for resistance in Norway spruce, which has a multi-tiered defense system.
Priming: methanol-extractable and -hydrolyzable cell wall-bound phenolics in 2002 and 2003
There were clear changes in the methanol-extractable and -hydrolyzable cell wall-bound phenolics in healthy samples from 2003 compared with healthy samples from 2002, suggesting a heightened or primed increase in the basal level of these compounds. There were also clear differences in the levels of these compounds after wounding between the 2 years, but the additional changes compared with the ('primed') healthy control of the same year were generally less in 2003.
Concluding remarks
Increases in phenolic compound concentrations, the deposition of lignin and cell wall reinforcement as components in the host defense response are well known (Woodward 1992 , Pearce 1996 , Brignolas et al. 1998 , Franceschi et al. 2005 , Danielsson et al. 2011 , Deflorio et al. 2011 , but the level of up-regulation and duration of the putative priming on the monolignol biosynthesis pathway found in this study are novel. Norway spruce showed indications of primed or altered levels of lignin, phenolics and lignin pathway-related transcripts 1 year after the initial treatments, although it remains unclear whether such primed defense responses may last for several growth seasons or longer. However, large-scale clonal experiments using higher numbers of individuals of each genotype, including untreated ramets in each year, for several consecutive years at different locations are needed to determine the extent and duration of priming in Norway spruce and related conifer species.
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